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Abstract:   
    
   In this study, nanoporous gold (NPG) has been prepared by chemical de-alloying the 
Au based metallic glass precursor, Au20Cu48Ag7Pd5Si20(at.%), which was rapidly 
solidified from the melt in the form of ribbons. On the nanoporous gold, shape 
controlled gold nanostructures were electrodeposited by adjusting the applied 
potentials and deposition times. Using Rhodamine 6G (R6G) as probe molecule, the 
surface enhanced Raman scattering (SERS) activities with different Au nanostructures 
on nanoporous gold were compared. The electrodeposited Au dendritic nanostructures 
on NPG after 3000s exhibited strongest SERS effect and high reproducibility. Using 
this best SERS active substrate for melamine sensing, the detection limit of 10
-7
 M was 
achieved.  
  
Key words: Nanoporous gold; Chemical de-alloying; Au electrodeposition; Raman 
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1. Introduction 
 
   Since its discovery, Surface enhanced Raman scattering (SERS) has developed into 
one of the most versatile tools for providing high molecular specificity and sensitivity 
in identifying trace level of molecules in biological and chemical systems
[1,2]
. Single 
molecule detection can be achieved by using plasmonic metallic nanostructures to 
amplify the Raman scattering of targeted molecules
[3,4]
. It has been reported that the 
SERS enhancement is due to a chemical effect contributing for two-three orders of 
magnitude 
[5]
, and a dramatic electromagnetic effect arising from the resonant 
excitation of localized surface plasmons on the metallic surface 
[6]
. The local 
electromagnetic field is enhanced strongly around sharp edges or tips 
[7]
, interparticle 
gaps 
[3,8]
 and nanopores 
[9]
, typically referred to as "hot spots". To date, extensive 
investigations have demonstrated that nanoporous metals with three dimensional (3D) 
bicontinuous structure prepared by de-alloying can be used as substrate for practical 
SERS applications 
[7,10]
 because of possessing many active sites to increase the 
excitations of localized surface plasmons. Melamine has been illegally added to milk 
products to produce high protein content reading which cannot be distinguished from 
other proteins by the Kjeldahl or Dumas test
[11]
. Compared with conventional methods, 
SERS based detection techniques using molecularly imprinted polymers and hollow 
Ag-Au alloys nanocubes as substrates have been developed for the sensitive trace 
analysis of melamine in food
[12,13]
. Recently, we reported that nanoporous gold was 
fabricated from a new Au20Cu48Ag7Pd5Si20 metallic glass precursor by chemical 
de-alloying and achieved a detection limit of 10
-6
 M for melamine sensing
[14]
. However 
SERS mapping on the nanoporous gold indicates that the distribution of hot spots is not 
homogeneous.  
 
    Electrochemical deposition is a suitable method to prepare metal nanostructures 
with desired size and morphology on conductive substrates due to its simplicity, high 
controllability and scalability
[15]
. It is well known that the applied potential can 
determine the reduction rate of metal precursor, which influences the growth rate of 
metal nanostructures
[16]
. And the presence of precursor concentration gradient layer 
near the electrode surface can significantly influence the growth orientation of metal 
nanostructures. Many works have been done to prepare metal nanostructures for 
SERS-active substrates by electrochemical deposition, such as silver nanosheets
[17]
, 
triangular Pd rod nanostructures
[18]
, Au nanoparticles
[19]
 and thin films
[20]
. On 
nanoporous gold, Yang et al. prepared silver nanoparticles by electroless deposition 
and observed 10
4
 times SERS improvement compared to the as-prepared NPG films, 
which is attributed to the abundant Raman-active nanogaps constructed adjacent 
nanoparticles and also by the NPG ligaments and adhered nanoparticles
[21]
. Fu et al. 
fabricated Au/SnO/Ag heterogeneous films by the same technique to achieve ultralow 
detection limits for both the resonant rhodamine 6G (10
-15
 M) and the non-resonant 
and low cross-section cysteine (10
-10
 M)
[22]
. Zhang et al. achieved sharp gold 
nano-cones on nanoporous gold de-alloyed form the Au35Ag65(at.%) alloy, which 
demonstrates high SERS enhancement with a detection limit of 10
-12
 M for 
Rhodamine 6G as probe molecule 
[7]
.  
 
    In the present study, we first time report three dimensional Au dendritic 
nanostructures on nanoporous gold, which are facilely fabricated by electrochemical 
deposition, as uniform SERS active substrate for melamine sensing. First nanoporous 
gold was prepared by chemically de-alloying from Au based metallic glass precursor in 
the form of ribbon. On the nanoporous gold surface, the shape controlled gold 
nanostructures were electrodeposited by adjusting the applied potentials and deposition 
times. Using Rhodamine 6G (R6G) as probe molecule, the SERS activities with 
different Au nanostructures on nanoporous gold were compared. Finally, sensing of 
melamine in aqueous solution is successfully attempted using the best SERS active 
substrate. 
 
2. Experimental: 
     
    A Au20Cu48Ag7Pd5Si20 (at. %) master alloy was prepared by arc melting the pure 
elements (Au: 99.99%, Ag, Cu, Pd: 99.99%, Si: 99.9995%) in Ti-gettered Argon 
atmosphere. The ingot was rapidly solidified onto a rotating copper wheel at a linear 
speed of 25 m/s by the melt-spinning process. The thickness of the resulting ribbon is 
20 μm and the width is 2 mm.  
   Nanoporous gold(NPG) was prepared by chemical de-alloying of the as-spun 
ribbons in 10 M HNO3 and 0.5 M HF solution at 70°C for 4 hours. To achieve Au 
electrodeposition, a standard three electrode configuration was used: the de-alloyed 
NPG sample as working electrode, a Ag/AgCl electrode as reference and a platinum 
sheet as counter electrode respectively. Au electrodeposition was conducted in the 
aqueous solution of 1mM HAuCl4 and 0.5 M H2SO4 as the supporting electrolyte
[23]
. 
All chemicals used were analytical grade and used without further purification.  
    The surface morphology of de-alloyed samples was observed by scanning electron 
microscopy (SEM) and their compositions were checked by energy dispersive X-ray 
spectroscopy (EDS) after Co calibration. The structure of the materials was studied by 
X-ray diffraction (XRD) using Cu K  wavelength in Bragg-Brentano mode. The 
structure of the electrodeposited Au thin film was characterized by glancing angle 
X-ray diffraction (GAXRD, Philips PW3830), measured with a glancing angle of 0.8 
under Cu Kα radiation at 40 kV. 
   Micro-Raman measurements were performed with a Renishaw inVia Raman 
Microscope using 785 nm laser line with an acquisition time of 20 s, 0.4 mW power at 
the sample and a 50 × ULWD objective; Rhodamine 6G (R6G) was chosen as SERS 
probe molecule. Prior to SERS experiments, the samples were cleaned in concentrated 
nitric acid for 5 minutes and rinsed several times in de-ionized water. Then, the 
samples were immersed in aqueous solution of Rhodamine 6G with concentration of 
10
-6
 M for one night, enabling the probe molecule to be adsorbed on the surface. For 
melamine sensing, the de-alloyed samples were immersed in the aqueous solution of 
melamine with concentrations from 10
-7
 M to 10
-3
 M for 1 night. All solutions were 
prepared from chemical grade reagents and de-ionized water. The Raman band of 
silicon wafer at 520 cm
-1
 was used to calibrate the spectrometer. 
 
3. Results and discussion 
 
Nanoporous gold (NPG) was prepared by chemical de-alloying in a mixture of 10 
M HNO3 plus 0.5 M HF at 70°C for 4 hours from the Au20Cu48Ag7Pd5Si20 metallic 
glass precursor. During the de-alloying process, accompanying with the dissolution of 
the less noble elements, Au adatoms reorganize into interconnected ligaments 
separated by open pores by surface diffusion
[24]
. After chemical de-alloying, the SEM 
image of NPG reveals a uniform bicontinuous nanoporous structure which is 
composed of nanopores and ligaments with average size of around 60 nm(Fig 1a). 
And the XRD pattern demonstrates the formation of face-centered cubic (fcc) Au from 
the amorphous state(Fig S1).  
 
3.1. Au electrodeposition under different potentials 
 
  The Au nanostructures on de-alloyed NPG were achieved by electrochemical 
deposition from a solution of 1mM HAuCl4 and 0.5 M H2SO4 as the supporting 
electrolyte
[23]
. During the electrodeposition process, the applied potentials can 
influence the reduction rate of metal ions and the thickness of the precursor 
concentration gradient layer, thus determining the morphologies of final products. 
Therefore the effect of deposition potentials on the morphology of Au nanostructures 
was examined first. Fig.1 shows the SEM images of the deposited gold nanostructures 
on NPG at room temperature for 3000s under the applied potential of 0.24V, -0.04V and 
-0.34V versus Ag/AgCl reference electrode, respectively. Under the applied potential 
of 0.24V, hierarchical waxberry like nanostructures with uniform diameter of around 
180 nm were obtained(Fig 1b). Many tiny Au nanosheets cover the top of waxberry like 
nanostructures. The Au ligaments underneath can still be observed through the voids 
among the waxberry like structures. Under the applied potential of -0.04V, Au three 
dimensional dendritic nanostructures with preferred orientation were formed. The 
formation of Au nanodendrites were attributed to the diffusion limitation of Au ions on 
the growing nanostructures under this applied potential. From the high magnification of 
Au nanodendrites image (Fig 1e), most of the dendrites are standing vertically to the 
de-alloyed NPG with height of around 70nm and a sharp tip apex of around 15nm. The 
height of nanodendrites is different probably due to the diffusion fronts of Au ions to 
the growing nanostructures overlap, which results in different growth rates. The 
Glancing angle XRD pattern of nanodendrites contains only reflections associated to 
face-centered cubic Au (Fig. S1c), which confirms the pure Au formation after the 
electrodeposition process. By shifting negatively the applied potential to -0.34V, 
irregular polyhedral Au nanoparticles with a mean size of 30 nm were obtained. The 
high overpotential reduces the influence of the diffusion limited aggregation process on 
different crystallographic facets, leading to the isotropic growth of different 
crystallographic facets.                             
 Figure 1. SEM images of (a) sample after chemically de-alloyed in 10M HNO3 + 0.5M 
HF at 70℃ for 4 hours and samples Au deposited on nanoporous gold in 1mM HAuCl4 
+ 0.5M H2SO4 at room temperature for 3000 s under different potentials (b) 0.24V, (c) 
-0.04V and (d) -0.34V. (e) and (f) are the enlargements of (c) and (d) respectively.  
 
3.2 Au electrodeposition under different times 
 
   To further understand the growth mechanism of Au dendritic nanostructures on 
nanoporous gold, we performed chronoamperometry experiments at the applied 
potential of -0.04V for electrodeposition time of 100, 300, 1000 and 2000s. The 
obtained surface morphologies of Au deposits are shown in Fig. 2. For short 
electrodeposition time corresponding to 100s, tiny Au nanoparticles are formed on the 
top surface of Au ligaments(Fig. 2a). And there are no tiny Au nanoparticles formed on 
the ligaments underneath the top surface, which can be due to the mass transport 
limitations under this deposition conditions. Usually at the initial electrodeposition 
process, the gold deposits will nucleate at the relative active sites on the ligaments such 
as steps and grain boundaries which were formed during the de-alloying process. With 
the increase of deposition time to 300s, Au nanoparticles connected with each other, 
coalesce and cover the top Au ligaments surface(Fig. 2b). And small Au nanoplates 
with random orientation grow on the top of connected Au nanoparticles. Increasing the 
electrodeposition time to 1000s, the Au nanoplates cover completely the top surface of 
Au ligaments and we can still observe the Au ligaments underneath (Fig. 2c). When the 
electrodeposition time increases to 2000s, three dimensional Au nanodendrites grow on 
the top of connected nanoplates (Fig.2d). From the cross section of sample, the Au 
nanodendrites only formed on the top of Au ligaments. And the nanoporous gold 
underneath remains a network of ligament connected into a 3D nanoporous structure. 
At the initial stage of electrodeposition process, there is no significant concentration 
gradient of Au precursor at the electrode/electrolyte interface. Therefore Au 
nanoparticles are formed on the ligaments randomly, especially at the relative active 
sites on the ligaments such as steps and grain boundaries. As the electrodeposition 
process proceeds, the Au
3+
 concentration gradient layer starts to form. At this time, Au 
nanoplates with random orientation are obtained on the top surface of Au ligaments. 
Increasing the deposition time, the concentration gradient layer becomes thicker, the 
Au dendritic nanostructures are formed which protrude into the bulk solution to access 
more Au
3+
 ions. The Au nanoparticles on the ligaments surface will grow slower and 
slower until depletion of metal precursor near the ligaments. Finally, three dimensional 
Au dendritic nanostructures are formed vertically on the Au ligaments surface. 
 Figure 2. SEM images of samples Au deposited in 1mM HAuCl4 + 0.5M H2SO4 at 
room temperature under applied potential of -0.04V for different time (a) 100s, (b) 300s, 
(c) 1000s and (d) 2000s. Inset shows the cross section of sample. 
 
3.3. SERS effect of nanoporous gold + electrochemical deposition 
 
   In order to check the SERS capability of Au nanostructures with different 
morphologies, samples electrodeposited under different applied potentials and 
deposition times were tested. Figure 3a shows the SERS spectra of deposited samples 
under different applied potentials after immersing them for one night in aqueous 
solution of Rhodamine 6G with concentrations of 10
-6 
M. All SERS spectra display the 
characteristic peaks of Rhodamine 6G in good agreement with the literatures
[7,25]
. The 
characteristic peaks of R6G at Raman shift of 1652, 1511 and 1364 cm
-1
, which are 
attributed to the symmetric modes of the in-plane C-C stretching vibrations. The 
Raman band at 1312 and 1186 cm
-1
 are associated with the N-H and C-H in-plane bend 
vibrations respectively. And the Raman band at 774 and 612 cm
-1
 are assigned to the 
C-H out-of-plane and C-C-C ring in-plane bending vibrations. The SERS activities 
changes with different Au nanostructures deposited on the top surface of nanoporous 
Au ligaments by varying the applied potentials. Compared with the SERS intensity of 
nanoporous gold, the waxberry-like Au nanostructure prepared under the applied 
potential of 0.24V exhibits the same order of magnitude. The irregular polyhedral Au 
nanoparticles prepared under the applied potential of -0.34V shows 1.8 times higher 
comparing with that of nanoporous gold while the three dimensional Au dendritic 
nanostructures obtained under applied potential of -0.04V shows 6 times higher than 
that of nanoporous gold. It is well know that the sharp tips can act as 'hot spots', where 
the local electromagnetic fields are dramatically amplified due to the resonant 
excitation of localized surface plasmons. 
 
    Under the applied potential of -0.04V, we further investigated the influence of 
electrodeposition times on the SERS activity using R6G as the probe molecule. Figure 
3b shows the SERS spectra of samples deposited for different times under the same 
Raman measurements. The SERS intensity increases with electrodeposition times. At 
the initial electrodeposition process, tiny nanoparticles or small nanoplates deposited 
on the ligaments of top surface and the improvement of SERS intensity is not obvious. 
After the formation of Au dendritic nanostructures electrodeposited for 2000s, the 
SERS intensity doubled compared with that of nanoporous gold. By increasing the 
deposition time to 3000s, the SERS activity of Au dendritic nanostructures exhibits 6 
times stronger than that of nanoporous gold. In order to test the reproducibility of the 
prepared Au dendritic nanostructure, SERS spectra were collected at different locations 
on one substrate and between different substrates (Fig. S2) resulting in a very similar 
peak position and intensity of the SERS spectra.  
  The enhancement of SERS effect on nanoporous gold mainly arises from local 
electromagnetic field enhancement caused by the resonant excitation of localized 
surface plasmons around nanosized ligaments. Also, the electromagnetic coupling 
effect between adjacent gold ligaments may further enhance the localized field intensity, 
leading to improvement of the SERS enhancement 
[26]
. However, the distribution of hot 
spots on nanoporous gold is not homogeneous. In order to achieve the homogeneous 
distribution of hot spots, different Au nanostructures were prepared by electrochemical 
deposition on the top surface of nanoporous gold. Around these nanostructures, the 
local electromagnetic field is enhanced strongly and the SERS intensity becomes 
stronger, especially for the three dimensional Au dendritic nanostructures with sharp 
tips. 
 
 
 
 
          
Figure 3. (a) SERS spectra of R6G with concentration of 10
-6
 M on NPG and samples 
deposited under different applied potentials. (b) SERS spectra of R6G with 
concentration of 10
-6
 M on samples deposited for different times. 
       
 3.4. Detection of melamine using NPG+electrochemical deposition 
     
  To illustrate the potential applications of the prepared Au dendritic nanostructure on 
nanoporous gold, the different concentrations of melamine ranging from 10
-7 
to10
-3
  M 
in aqueous solution were detected (Fig.4a). For melamine powder, the characteristic 
peak of melamine is around at 677 cm
-1
 which is caused by the in-plane deformation of 
the triazine ring with the vibration of the amino nitrogen atoms. In the previous work 
we showed that on nanoporous gold the characteristic peak of melamine in the aqueous 
solution at 710 cm
-1 
is red-shifted by 33 cm
-1
 compared to that of melamine powder, 
which is in agreement with the literatures on gold nanoparticles
[27,28]
 and gold 
nanofinger surfaces
[29]
. It is showed that the characteristic peak of melamine can still be 
clearly observed when the melamine concentration decreases to 10
-7 
M. The SERS 
intensity at 710 cm
-1
 versus melamine concentration is plotted in Fig. 4(b). The result 
shows that the SERS intensities of melamine decrease monotonously with the decrease 
of melamine concentration. To evaluate the homogeneity of the prepared Au dendritic 
nanostructure on nanoporous gold, Raman mapping of 48×48 μm2 by lateral step of 4 
μm was collected. Figure 4(c) shows a SERS intensity mapping image with melamine 
concentration of 10
-5 
M, which clearly indicates the presence of "hot spots". In contrast 
with as-prepared nanoporous gold, the "hot spots" on the Au dendritic nanostructure are 
high density and distributed homogeneously. Recently Zhang et al. showed that the 
detection limits of melamine down to 10
-7
 M were achieved on three-dimensional 
sunflower-like nanoarrays decorated with Ag nanoparticles
[30]
. Huang et al. pushed the 
detection limits of melamine down to 10
-10
 M on silver nanoparticles decorated zinc 
oxide/silicon heterostructured nanomace arrays
[31]
. Compared with those substrates, the 
fabrication process of our substrate is simple, easy-to-control and high reproducibility. 
            
Figure 4. (a) SERS spectra of melamine at different concentrations on de-alloyed sample. (b) 
Raman intensity at 710 cm
-1
 versus melamine concentration (in logarithmic scale) ranging from 10
-7 
M to 10
-3 
M. (c) SERS intensity mapping image of 48×48 μm
2
 by lateral step of 4 μm with melamine 
concentration of 10
-5 
M based on characteristic peak at 710 cm
-1
. The laser wavelength was 785 nm 
with an acquisition time of 20 s. 
 
4. Conclusion 
    In this study, nanoporous gold has been prepared by chemical de-alloying of Au 
based metallic glass precursor, Au20Cu48Ag7Pd5Si20(at.%), which was rapidly solidified 
from the melt in the form of ribbons. The shape controlled gold nanostructures such as 
hierarchical waxberry like nanostructures, Au nanodendrites, polyhedral nanoparticles 
were electrodeposited under the applied potential of 0.24V, -0.04V and -0.34V, 
respectively. The formation of Au nanodendrites with specific orientation is attributed 
to the diffusion limited aggregation process by investigating the effect of 
electrodepsition times. By comparing the SERS activities with different Au 
nanostructures on nanoporous gold, we found that the electrodeposited Au dendritic 
nanostructures on NPG after 3000s exhibited strongest SERS effect. Using this best 
SERS active substrate for melamine sensing, the detection limit of 10
-7
 M was achieved 
which shows potential application in food safety inspection and life science. 
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